Introduction
[2] Since January 2004, the OMEGA (Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité) imaging spectrometer onboard Mars Express has revealed the presence of various minerals at the surface of Mars [Bibring et al., 2005 [Bibring et al., , 2006 . Most of the surface has been observed with a spatial resolution varying from 4.8 km/pixel to 0.3 km/ pixel. Ferric oxide signatures have been identified in Valles Marineris, Margaritifer Terra, and Terra Meridiani in association with sulfate signatures [Gendrin et al., 2005a [Gendrin et al., , 2005b Bibring et al., 2007] . From a detailed and localized in situ analysis, the Opportunity rover has observed the presence of coarse-grained ferric-rich materials, which are associated with spherules of primarily gray hematite in Meridiani Planum [Klingelhöfer et al., 2004; Bell et al., 2004; Squyres and Knoll, 2005; Calvin et al., 2004] . From orbit, thermal infrared mapping by Thermal Emission Spectrometer (TES), which has a nominal spatial resolution of 3.15 km [Christensen et al., 1992] , has revealed deposits of crystalline gray hematite exposed in Sinus Meridiani, Aram Chaos, and in numerous locations scattered throughout the Valles Marineris [Christensen et al., 2001] .
[3] On Earth, secondary minerals are alteration products that are formed under the action of various agents such as atmospheric changes, hydrothermal and biologic activity. Among these secondary minerals, ferric oxides are particularly important because they can form by aqueous alteration under specific temperature, pH, and Eh conditions, with various water contents [e.g., King and McSween, 2005] . Ferric oxides are thus a key element to constrain the paleoenvironmental conditions of Mars.
[4] We report here on a detailed study of ferric oxide signatures detected with OMEGA data in East Candor Chasma. This is a part of the Valles Marineris area, which formed by tectonic processes early in the Martian history. This depression has been filled with an extensive series of sedimentary rocks, commonly named Interior Layered Deposits (ILDs) which record the past geologic and climatic conditions of Mars. We use several analytical methods in order to obtain the maximum accuracy and confidence level in the distribution of ferric oxide minerals that occur in spatial association with the ILDs. Mineralog-ical maps were derived using OMEGA data and were compared with topography and visible/IR images to characterize the geomorphologic context of the detected signatures. We use MOLA-derived digital elevation models (DEM), HRSC images, THEMIS visible and infrared images, MOC images, HiRISE images and TES spectral analysis results for this comparison. These data were combined in a Geographic Information System (GIS) in order to facilitate their analysis and to study their complementary aspects.
[5] First, we present the three methods of OMEGA data analysis used: Spectral Angle Mapper (SAM), Spectral Mixture Analysis (SMA) and Modified Gaussian Model (MGM). Then, we report on ferric oxide signatures that are inferred from these methods and we discuss the way of discriminating between confident and uncertain detections. In the next section we characterize the relation of ferric oxides with topography, the Interior Layered Deposits (ILDs), and sulfates. Finally, we discuss possible scenarios for the accumulation of ferric oxides in this area.
Study Area
[6] East Candor Chasma is one of the large Valles Marineris chasmata (Figure 1 ). It is more than 470 km long and 110 km wide. It is bounded by walls more than 6 km high, of which the initial spur and gully morphology has been locally reworked by mass wasting processes [e.g., Peulvast et al., 2001] . The floor is covered by landslide deposits, layered deposits (Interior Layered Deposits, ILDs), and other sedimentary or volcano-sedimentary units [e.g., Lucchitta et al., 1992; Quantin et al., 2004] . Several origins have been proposed for the ILDs, including volcanic [Lucchitta, 1990; Chapman and Tanaka, 2001 ; Komatsu et al., 2004] , aeolian [Nedell and Squyres, 1987] , and lacustrine [Nedell and Squyres, 1987; McCauley et al., 1972] processes. Aeolian morphologies are common and include dunes and yardangs. ILDs are located in the central and southern portions of East Candor Chasma. The efficiency of aeolian erosion of the ILDs suggests that they are composed of rather loose or weakly indurated material.
Data and Methods
[7] We have reduced data from the OMEGA imaging spectrometer onboard Mars Express [Bibring et al., 2004] . A reflectance spectrum between 0.38 mm and 5.2 mm is acquired for each pixel of an image. The instrument is composed of three detectors: VNIR (Visible Near Infrared) between 0.38 mm and 1.05 mm, SWIR (Short Wavelength InfraRed) between 0.93 mm and 2.73 mm, and LWIR (Long Wavelength InfraRed) between 2.55 mm and 5.2 mm. The contribution of the atmosphere is removed from each spectrum using an empirical atmospheric transmission derived from the ratio between two spectra acquired at the top and the bottom of Olympus Mons, and scaled to the depth of the 2 mm CO 2 band .
[8] An OMEGA spectrum is the result of a complex combination of several factors, partly because it is acquired remotely through the atmosphere. The shape of a spectrum varies mainly with the surface mineralogical components and their mixtures at both macroscales (areal mixtures) and microscales (intimate mixtures). In addition, it depends on the surface photometry due to texture and grain size variations, implying contributions from shading and scattering effects. The spectral shape also varies with the transparency of the atmosphere (amount of aerosols and their scattering properties) and the geometry of illumination and observations. Each data reduction method is aimed at extracting the mineralogical information alone, separate from atmospheric effects. Different methods have their own advantages and drawbacks and can be more or less sensitive to the various effects described above. Therefore we crosschecked three different data reduction methods in order to reduce the various effects and uncertainty of each one, so as to reinforce the confidence level in the detection and mapping of ferric oxides in East Candor Chasma.
[9] For the first two methods (Spectral Angle Mapper and Spectral Mixture Analysis), we focus on the SWIR detector data alone to avoid problems of spatial registration between VNIR and SWIR detectors. This approach was already adopted in other studies focused on sulfate identification Gendrin et al., 2005a Gendrin et al., , 2005b . Although there is a specific ferric iron absorption centered at 0.9 mm, the typical sharp rise between 1.0 mm and 1.3 mm caused by the right wing of this broad band is very diagnostic for the detection of ferric oxides. It cannot be confused with the shape of the 0.9-1 mm band of pyroxenes, which is much narrower, with a right wing extending up to 1.1 mm only. It cannot be confused either with the 1 mm band of olivine, which tends to go out to 1.5 mm. For the third method (Modified Gaussian Model), we use both VNIR and SWIR detectors. In this case, a spatial registration correction is applied between both detectors. The three methods are applied to OMEGA data that provides nearly total coverage of the canyon (orbits number 308, 482, 515, 548, 1103, 1114, 1147, 1158, 1180, 1429, 1462, 1590, 1995, 2006, 2017, 2039, 2050, 2464) .
Spectral Angle Mapper (SAM)
[10] The SAM is an algorithm designed to determine the similarity between spectra in a multidimensional space. Spectra are treated as vectors. Given a reference spectrum of reflectance R and the spectrum to analyze R 0 , the spectral angle a is formed between the two spectra and has a dimensionality equal to the number of bands N [Kruse et al., 1993] . The spectral angle is defined by:
[11] We take as reference an extreme spectrum (called an end-member) derived from an OMEGA mosaic of East Candor Chasma. We identified this end-member by using the spectral hourglass wizard implemented in the ENVI software. This processing pipeline includes a Minimum Noise Fraction transformation to reduce the spectral dimensionality, followed by the Pixel Purity Index (PPI) algorithm [Boardman et al., 1995] , and an examination of the result with the n-Dimensional visualization tool. The PPI algorithm is aimed at finding the most diverse areas in a given data set by mathematically pulling out the extreme spectra with high variance relative to the average for the region (end-member). Among these extreme spectra, one has spectral properties indicative of ferric oxides (Figure 2) , with the characteristic steep positive slope ranging from 1 mm to 1.3 mm. The presence of a drop in reflectance near 2.4 mm may indicate that there is some sulfate or other hydrated material in the spectrum. However, a sulfate alone cannot account for the shape of the spectrum between 1 and 1.3 mm, which is well reproduced if an iron oxide is present. Some ferric sulfates such as schwertmannite could also display a broad 1 mm feature which mimics the one of iron oxides, but the global spectral shape is still quite different from what we observe in East Candor Chasma. This is why we favor a ferric oxide associated with a small amount of sulfate and not a ferric sulfate, even if it cannot be ruled out completely. The end-member corresponds to an area of darktoned dunes at the base of a fresh cliff composed of stratified material (Figure 2c ), which could account for the small component of sulfate.
[12] The spectral angle between the end-member and each pixel spectrum of the mosaic is then computed. Small spectral angles correspond to high similarity between the reference spectrum and the analyzed spectra of the image. The SAM algorithm is sensitive to the spectral shape at all wavelengths and takes into consideration variations of albedo and band depths between the spectra [Combe, 2005] . However, this method is sensitive to slope variations in the spectra. Therefore it might also be sensitive to effects of scattering on the surface and in the atmosphere by aerosols, which have not been removed from these data [Combe, 2005] . Therefore the map obtained by SAM will be cross-checked against the two other methods in the next section.
Spectral Mixture Analysis (SMA)
[13] The Spectral Mixture Analysis uses a least squares regression to find the linear combination of a suite of endmembers that best matches the spectrum for each pixel of an image [Boardman, 1989 [Boardman, , 1992 Sabol et al., 1992; Ramsey and Christensen, 1998; Mustard and Sunshine, 1999] . It corresponds to the inversion, on a pixel by pixel basis, of the system Y = AX where Y is a vector containing the OMEGA spectrum, A is a N Â M matrix filled with the endmember spectra (with N the number of spectral channels and M the number of end-members) and X a vector containing the coefficients attributed to each end-member. We use the term ''mixing coefficient'' on purpose instead of the usual ''image fraction'' terminology often associated to SMA in the literature. The word fraction is not appropriate here because it refers to proportions, especially when SMA results are constrained to be less than one and their sum is set to be one. In the inversion process, negative coefficients may be obtained in X, which have no physical sense. In our linear unmixing approach [Combe et al., 2008 [Combe et al., , 2006 , endmembers having negative coefficients are eliminated through an iterative process.
[14] The final accuracy of the linear fit is evaluated by computing the root mean square (RMS) error between the model and the data. This RMS error is often used as a measurement of the goodness of fit [e.g., Clark and Swayze, 1995] .
[15] In our study, we use 24 laboratory spectra as input end-members. The main groups of rock-forming minerals are represented, such as high and low-calcium pyroxenes, olivines, phyllosilicates, sulfates, iron oxides and hydroxides and carbonates (Table 1 ). This reference library is built from two main data sets: the USGS speclib05 [Clark et al., 2003] and measurements acquired to support the CRISM experiment [Murchie et al., 2007a] . The spectra were measured on different spectrometers: a Beckman 5270 and a RELAB Nicolet 740 respectively. Measurements correspond to bidirectional reflectance acquired with an incidence angle of 30°and an emergence angle of 0°. Samples are powders or rock chips composed of minerals with various grain sizes (Table 1 ). In our approach, an artificial flat spectrum is also added to this library [Combe et al., 2008] . It accounts for variations of illumination and surface scattering that are mainly due to surface roughness and grain size effects. Since the spectral library does not contain all possible grain sizes of surface materials, the present algorithm is set up so that mixing coefficients and the flat spectrum can account for grain size variations. For this purpose, coefficients are not constraint to be less than one, and their sum is not set to be one. Consequently, grain size effects like absorption band depth and global spectral level variations can be modeled. As a result, coefficients are indicative of the presence of materials but not of actual proportions. Two straight line spectra, one with a positive slope and the other a negative slope, are also included [Combe et al., 2008] . These spectra account for possible variations in the continuum slope, which are mostly related to atmospheric scattering. 
Modified Gaussian Model (MGM)
[16] The Modified Gaussian Model [Sunshine et al., 1990] finds the best combination of Gaussians that fits the absorption bands in a given spectrum. This method is useful to identify absorption bands and to evaluate their variations. The method used in our study is similar to the one used by Bibring et al. [2007] , with the input parameters described by Mustard et al. [1997] . We evaluated the spectra between 0.7 mm and 2.5 mm. The positions and widths of the absorption bands were fixed to reduce the computation time [Gendrin et al., 2005a [Gendrin et al., , 2005b .
Results

Identification of Ferric Oxides
[17] The three methods described above take different spectral properties into account. In order to minimize the possibility of inaccurate detections, the mineral maps obtained by each method are visually inspected and crosschecked against each other (Figure 3 ).
[18] Figure 3a shows a SAM classification of OMEGA images corresponding to the end-member of Figure 2 , which has spectral characteristics of ferric oxides. Colored areas represent regions whose spectra have a high similarity with this end-member. The smaller the spectral angle, the higher the similarity between the spectra and the endmember is (darker tones in Figure 3a ). Spectral angle values greater than 0.02 are not represented to avoid an over interpretation of the results. The 0.02 value provides a good trade off between detection capabilities and reliability. Figure 3b shows the distribution of ferric oxides detected by SMA. This map combines the detection of two ferric oxides from the input library (hematite + goethite). Indeed, whereas the input library contains spectra of goethite and hematite, the spectral shape of these two minerals do not differ markedly. We therefore consider that the identification provided by the linear mixing model is relevant for the oxide family, but not for the discrimination between hematite and goethite. This issue has also been raised by Bibring et al. [2007] . The discrimination between different types of ferric oxides within identified oxide deposits would require a more comprehensive set of laboratory data and is beyond the scope of this work. In the following, we used a sum of the two oxides contributions to produce an integrated ferric oxide map. Mixing coefficients of ferric oxides are high and range between 0.15 and 0.3, meaning that the ferric oxide end-members provide a major contribution to the mixing. Figure 3c represents the amplitude of the Gaussian fit to the ferric oxide absorption band centered at 0.9 mm. Only the highest amplitudes between 1 mm and 1.3 mm that are greater than 15% are selected. Such high spectral amplitudes in this wavelength range are characteristic of ferric oxides.
[19] Only the strongest spectral signatures, which indicate the most obvious mineralogical detections are presented. Thus only those with the smallest spectral angles, the highest mixing coefficients, and the highest amplitudes of the Gaussians between 1 mm and 1.3 mm are shown. The quality of OMEGA data is also considered. Several factors can influence spectral detections and lead to false detections. The spatial resolution of images plays an important role in the detection capabilities (high spatial resolution gives access to more ''pure'' pixels, and therefore to stronger signatures). Transient atmospheric phenomena such as water ice clouds may sometimes affect the spectrum quality, in particular in the 1.5 and 2 mm regions. Aerosols, which correspond to dust particles in the atmosphere, can similarly mask surface spectral signatures. Finally, isolated pixels with high oxide contents may be spurious and represent noise within the results; therefore we have chosen to map only clusters of pixels in order to improve the confidence level of oxide detections.
[20] At the first order, the three methods are consistent but some discrepancies exist locally. Consequently, each of the detections has been studied in detail. As an example, all three analysis methods yield a large, crescent-shaped area with a spectral signature of ferric oxides at a site located in the central part of East Candor Chasma (Figure 3) . A typical OMEGA spectrum of the area shows characteristics of ferric oxides with a deep band at 0.9 mm and a steep positive slope between 1 mm and 1.3 mm (Figure 4a ). Library spectra of ferric oxides (hematite and goethite) are shown for comparison in Figure 4b . It should be noted that the small hydration feature at 1.9 mm in the hematite spectrum suggests that the laboratory sample is not composed of pure hematite. In Figure 4c , OMEGA spectrum of the crescent-shaped area in East Candor Chasma is compared with a spectrum modeled by SMA. The main contribution in the linear mixing model is the goethite end-member, followed by a small component of ferrihydrite. Therefore the SMA method confirms that ferric oxides are present in the area. According to Figure 3c , the amplitude of the Gaussian between 1 mm and 1.3 mm in the region reaches more than 20%, which also indicates a strong signature of ferric oxides. Finally, the ferric oxide signature is observed both at low and high spatial resolution (orbits 1147 and 1429). All these arguments suggest that this area is enriched in ferric oxides.
[21] After having analyzed the whole chasma, we have established two different confidence levels in the distribution map of ferric oxides by using mainly the redundancy of the three detection methods, followed by visual control of the individual spectra. The locations of the most robust detections are indicated in orange on Figure 5 . These detections appear to be obvious according to the methods used and were obtained from high quality OMEGA data (absence of water ice cloud, low aerosols). The areas indicated in blue correspond to areas where the detection of ferric oxides still has to be confirmed with new data sets. These detections have been made by one or more of the mapping methods but are associated either with a low spectral signature or with a low quality of data. These sites could be of special interest for the CRISM imaging spectrometer onboard Mars Reconnaissance Orbiter, which has a maximum spatial resolution of $18 m/pixel [Murchie et al., 2003] . Knudson et al. [2007] already confirmed one of these detections in a preliminary analysis of CRISM data.
Correlations With Other Data Sets
[22] The sites enriched in ferric oxides in East Candor Chasma have been investigated using MOLA, HRSC, THEMIS, MOC, HiRISE, and TES data sets.
[23] The gridded 128 pixels/degree Mars Orbiter Laser Altimeter (MOLA) DEM provides the global topographic framework with a relative vertical accuracy of $1 m [Smith et al., 2001] . [Clark et al., 1993] . (c) OMEGA spectrum shown in Figure 4a and the corresponding spectrum modeled by the Spectral Mixing Analysis between 0.93 mm and 2.73 mm. The goethite end-member contributes the most to the observed mixed spectrum. Pure slope spectra correspond to the sum of three straight lines, one having a flat spectrum and others a negative and positive slope.
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[24] The High Resolution Stereo Camera (HRSC) onboard Mars Express provides high spatial resolution panchromatic images, color images at 100 m per pixel and DEMs with an unprecedented lateral resolution of about 200 m per pixel [Neukum and Jaumann, 2004] . In this study, we focus on the nadir panchromatic images that have the best spatial resolution (12.5 -30 m/pixel) (orbits 0334, 0515, 1984, 1995, 2006, 2017, 2028, and 2039) .
[25] Daytime and nighttime infrared Thermal Emission Imaging System (THEMIS) data [Christensen et al., 2004] have been useful for studying the thermal emissivity and geomorphology of the surface. At night, differences in surface temperature are essentially due to the thermal inertia of the surface materials because the effects of topography and albedo are reduced [e.g., Kieffer et al., 1973] . Therefore nighttime infrared THEMIS data provide information on the ability of surface materials to retain the heat accumulated during daytime and is used to identify contrasts in the degree of induration and/or in the granulometry of surface materials. For instance, weakly indurated aeolian deposits are characterized by low thermal inertia, whereas outcrops of fresh competent rocks are characterized by high thermal inertia [Mellon et al., 2000] . Infrared THEMIS images have a spatial resolution of 100 m/pixel. Daytime visible THEMIS images (18 m/pixel) have been used to interpret the geomorphology at a scale intermediate between THEMIS IR, HRSC, and MOC.
[26] Thermal Emission Spectrometer (TES/MGS) thermal inertia maps at a spatial resolution of 20 pixels per degree [Putzig et al., 2005] have been used to evaluate thermal inertia of ferric-oxide rich areas and make interpretations about the geological properties of the surfaces. The thermal inertia unit is Jm À2 K À1 s À1/2 and we will use the ''SI'' shorthand thereafter. We will also compare the distribution of gray crystalline hematite detected by TES with the distribution of ferric oxides obtained in the present study.
[27] With a spatial resolution as fine as 1.4 m/pixel , the Mars Observer Camera (MOC) images have been used to constrain the detailed geomorphology of specific small areas. These data sets have been combined into a geographic information system using the Mars 2000 geographic coordinate system available in Arc-GIS [Seidelmann et al., 2002] .
TES Thermal Inertia Map Analysis
[28] Gendrin et al. [2005a Gendrin et al. [ , 2005b identified isolated sulfate signatures (monohydrated and polyhydrated sulfates) on the ILDs of East Candor Chasma (Figure 6a ). The 2 mm band depth derived from an MGM analysis [e.g., Mustard et al., 2005; Bibring et al., 2005] allowed us to detect pyroxenes surrounding the ILDs on the chasma floor (Figure 6b ). ILDs in East Candor Chasma are characterized by a large range of thermal inertia values (70 -711 SI, with a mean of 240 SI, and most pixels between 130-300 SI) (Figures 6c  and 7) . These values have been derived from the TES thermal inertia map at 20 pixel-per-degree resolution (corresponding to $3 km/pixel) [Putzig et al., 2005] . Thermal inertia values < 200 SI suggest loose, fine surface dust and only few rock outcrops [Mellon et al., 2000] . This implies that most parts of ILDs' surface may be mantled by dust, which prevents the detection of strong spectral signatures.
[29] However, thermal inertia values of the ferric oxiderich sites ranges from 277 SI to 643 SI (485 SI on average) (Figures 6c and 7) . Therefore these areas do not correspond to dusty surfaces and this type of strong ferric signature detected by OMEGA cannot correspond to fine-grained dust. Furthermore, the distribution of crystalline gray hematite detected by TES (Figure 8 ) is at the first order consistent with the distribution of ferric oxides in this study but some differences occur locally ( Figure 5 ).
Analysis of Ferric Oxide-Rich Sites
[30] Site A (Figure 9 ) is 9.5 km long and 7 km wide. It is located in a topographic low between À2050 m and À4450 m (Figure 9a ). It corresponds to terrains of heterogeneous albedo, though usually lower than the surrounding terrains (Figure 9b) . A portion of the western part of the ferric oxide-rich site corresponds to a bright butte that differs from the major fraction of the area enriched in ferric oxides. The terrains north of site A are light-toned ILDs (Figures 9b and 9c) , whereas those located to the SW consist of bright and dark material with a mottled appearance (Figure 9b ). Calculation of the 2.1 mm band depth (Figure 6a) suggests that this latter feature may also contain monohydrated sulfates [Gendrin et al., 2005a [Gendrin et al., , 2005b . Figure 9d shows part of a nighttime THEMIS infrared image. On this image, site A is generally characterized by Figure 6 . (a) Location map of ferric oxides and sulfates in East Candor Chasma (63.5°W-72°W, 5°S-9°S) plotted over a mosaic of HRSC images. Polyhydrated sulfates (in green) and monohydrated sulfates (possibly kieserite, in red) have been detected using band depth spectral parameters (1.9 mm-2.4 mm and 2.1 mm respectively). Polyhydrated sulfates may be iron, magnesium or sodium-rich. Ferric oxide-rich sites are found nearby sulfate-rich areas; this suggests that both families of minerals are genetically related. (b) High calcium pyroxene band depth map. Only high spatial resolution data are represented. (c) TES-derived thermal inertia map (20 pixels/degree) [Putzig et al., 2005] . darker areas than the mottled materials to the SW and the ILDs to the North that indicates that site A has a lower temperature, hence has a lower thermal inertia. It is either less indurated or composed of finer grains, than the surrounding terrains. TES thermal inertia maps indicate an intermediate thermal inertia of 430 SI for site A (Figure 6c ), which confirms that site A does not correspond to Martian dust which has a thermal inertia value smaller than $200 SI. The dark dunes observed by MOC at site A (Figure 9c ) suggest that the constituent material is sand.
[31] Site B (Figure 10 ) occupies an area of $8.4 km by 3 km, at an elevation of À2600 m to À3600 m (Figure 10a ). It is located on terrains of intermediate to low albedo (Figure 10b ) corresponding to outcrops identified as ILDs, corroborating the interpretation made on the geological map by Lucchitta [1999] (Figure 10c ). These ferric oxides-rich terrains have various brightness temperatures (Figure 10d ). According to TES measurements, these terrains have gen- (Figure 6c ). Thermal inertia values for areas where we have identified spectral signatures of sulfates and ferric oxides (robust detections only) are represented by dark and light grey boxes, respectively. Thermal inertia values for ILDs, as recognized visually by their morphology and structure on visible and IR images, are represented by black squares. Sulfate and ferric oxide distributions are displayed with larger class intervals than ILDs because they are detected on fewer pixels. ILDs are characterized by a large range of thermal inertia values (70 -711 SI, with a mean of 240 SI, and most pixels between 130 and 300 SI). Thermal inertia values range from 127 to 667 SI (most pixels between 350 and 667 SI) for sulfate-rich sites and from 277 SI to 643 SI (485 SI on average) for ferric-oxide-rich sites. Thermal inertia of sulfate and ferric oxide-rich sites is usually higher than that of most ILDs. Where sulfates and ferric oxides are detected on ILDs, they correspond to ILDs with a high thermal inertia. [32] Site C (Figure 11 ) corresponds to a 700 m-high butte made of light-toned stratified layers (Figures 11a -11c ) in which spectral signatures of sulfates have been observed (Figure 6a ) [Gendrin et al., 2005a [Gendrin et al., , 2005b . By comparison with the geological characteristics of ferric oxide-rich deposits at sites A and B, ferric oxides detected at site C may correspond to the dark material mantling the strata (black box on Figure 11c ) and concentrated at its base (white box on Figure 11c ), whereas sulfates may correspond to the stratified material. The dark material has accumulated in topographic lows and on benches; and in some cases it has been remobilized by the wind to form dunes (Figure 11c) . The brightness temperature of this outcrop is significantly higher than that of the surrounding terrains (Figure 11d ). TES thermal inertia maps indicate a high thermal inertia of 456 SI (Figure 6c) , which is consistent with sandy material.
[33] Site D is located in the central part of East Candor Chasma (292.2°E, 6.7°S). It covers a $50 km-long and 10 km-wide crescent-shaped area at the bottom of a large ILD escarpment (Figures 12a and 12b ). This site is located in the lowest part of East Candor Chasma (À3500 m to À5300 m, Figure 12a ). Ferric oxides are located on terrains of various (generally low) albedo (Figures 12b and 12c) , and with various brightness temperatures (Figure 12d ). Thermal inertia values for this site are commonly high (500 SI on average, Figure 6c ).
[34] MOC images show that, at site D, a dark material forming both small dunes and larger smooth surfaces overlies a semicircular feature composed of light-toned stratified materials (Figures 12 and 13a-13c) .
[35] This semicircular feature has a radius of 10 km and is composed of two morphologically distinct concentric parts. The southern (inner) part is convex-upward, with a mean surface slope of 10°, while the northern (outer) part has an average slope of 4°. Both parts display concentric terraces that are faintly visible in the topography. These surface slope values derived from MOLA DEM does not necessarily correspond to the dip angle of the beds.
[36] Fan-shaped deposits displaying concentric terraces have been observed elsewhere on Mars [Ori et al., 2000; Cabrol and Grin, 2001; Malin and Edgett, 2003; Irwin et al., 2005; Di Achille et al., 2006; Weitz et al., 2006] , and have been interpreted as mass wasting deposits, alluvial fans or deltas, or the results of aeolian differential erosion. Ori et al. [2000] favored a delta origin, proposing that the terraces observed in the Memnonia region ( Figure 13d) were formed by the action of waves in a standing body of water. Another morphologically similar fan has been reported in Coprates Catena, SE Valles Marineris (Figure 13e) by Weitz et al. [2006] , who suggested that the fan formed as a delta in a lake that partially filled Coprates Catena. They explain the formation of terraces by shoreline erosion or decreases in water level in an ice-covered lake that partially filled Coprates Catena in the Hesperian period.
[37] A similar mode of formation can be proposed for the fan-shaped feature observed in East Candor Chasma. However, the absence of a visible feeding valley upstream (Figures 13a -13c ) requires the zone of sedimentary transit and its flanks to be buried below the ILDs. The fan would thus have been emplaced before the deposition of the ILDs; it would have been buried below the ILDs and exhumed later, after the overlying ILDs had been eroded. If so, the preservation of the fan morphology suggests that the material composing the fan is significantly more resistant to erosion than the ILDs. Deep erosional flutes sculpt most ILDs, which is not observed on other Valles Marineris rock units (wallrock, landslide material, and other units such as this fan-shaped feature). This observation supports the hypothesis that the ILDs are significantly weaker than the other observed units and might be consistent with the hypothesis of an exhumed fan. In conclusion, this semicircular feature can be either (1) an erosional relict of a stratified formation stratigraphically underlying the ILDs (Figure 14c ), or (3) an erosional relict of a former valley filling, stratigraphically overlying the ILDs (Figure 14d ).
[38] Ferric oxide signatures are observed on the fanshaped feature. Sulfates also have been detected here (Figure 6a ) [Gendrin et al., 2005a [Gendrin et al., , 2005b . As for sites A, B, and C, we suggest that sulfate signatures correspond to the light-toned stratified material, whereas ferric oxides signatures correspond to the overlying cover of dark sandy material. The occurrence of both ferric oxides and sulfates within the same sites (Figures 11 and 12 ) suggests a link in their formation process. A spatial correlation between ferric oxides and sulfates has been also observed in other regions of Valles Marineris, such as West Candor Chasma [Mangold et al., , 2008 Murchie et al., 2007b Murchie et al., , 2007c .
Origin of Ferric Oxides in East Candor Chasma
Results Synthesis
[39] Our analysis shows that ferric oxides are concentrated in scattered formations in East Candor Chasma and that they correspond to dark superficial material usually in the form of dunes or sand sheets. The surface of these formations lacks strong pyroxene signatures (Figure 6b ), which suggests that they do not correspond to the high calcium pyroxene-rich dunes that are commonly found on Mars. Surfaces with ferric oxides have a mean thermal inertia value of 485 SI, which is consistent with surfaces partly composed of sandy material. These ferric oxide-rich sands are located in topographic lows between À5300 m for site D and À2050 m for site A. They form either sand accumulations at the foot of, or upon ILD escarpments, or a loose veneer on the ILDs.
Formation of Ferric Oxide Accumulations
[40] The ferric oxide-rich sands may be windblown material that was imported from other places of Valles Marineris or from elsewhere on Mars. Alternatively, they may have formed in situ without any significant transport. Their systematic association with ILDs suggests that they are genetically linked to the ILDs.
[41] On Mars, ferric oxides can form by aqueous alteration of mafic or ultramafic rocks [King and McSween, 2005] by hydrothermal fluids [Newsom, 1980] , by low temperature solutions [e.g., Bishop and Murad, 1996; McSween and Harvey, 1998 ] or by magmatic acid fog (sulphuric-acid vapor) [i.e., Morris et al., 1996; Tosca et al., 2004] . For the first two leaching models, at a range of temperatures, volumes, and pH, the solutions become enriched in Mg, Na, Ca, SO 4 , and Cl [King et al., 2004] .
The acid fog consists of a magmatic vapor composed of HCl and SO 2 whose interactions with H 2 O at low temperature produce acid (pH < 4) solutions enriched in Mg, Fe, (Ca), SO 4 , and Cl [Hurowitz et al., 2006; Tosca et al., 2005] , from which ferric oxides can precipitate.
[42] At Meridiani Planum, the Opportunity rover has discovered dark spherules enriched in ferric oxides (gray hematite) embedded in and falling from light-toned sedimentary deposits enriched in Mg-and Fe-sulfates (jarosite) [Klingelhöfer et al., 2004; Bell et al., 2004; Squyres and Knoll, 2005; Calvin et al., 2004; Farrand et al., 2007] . Hematite is not only present in the concretions, but there is disseminated hematite in the sulfate-rich outcrop materials [Morris et al., 2006] . Squyres and Knoll [2005] and McLennan et al. [2005] have suggested that the ferric oxides may have formed in these sulfate-rich rocks: they would have resulted from the dissolution of a Fe-rich sulfate (jarosite or polyhydrated sulfate) in the presence of groundwater table under changing chemical conditions [Bigham and Nordstrom, 2000; Golden et al., 2005; Tosca et al., 2005; Clark et al., 2005; McLennan et al., 2005] .
[43] Noting that sulfates (monohydrated and polyhydrated sulfates) have been identified in the vicinity of ferric oxide deposits in Meridiani Planum as well as in East Candor Chasma, the diagenetic histories may be similar for both localities. However, no jarosite (Fe-sulfate) has been detected in East Candor Chasma or in any part of Valles Marineris so far. Unlike incomplete water-mediated diagenesis of jarosite in the Burns Cliff formation of Meridiani Planum , the diagenetic process in Valles Marineris may have endured long enough to dissolve all the jarosite, explaining why it is not spectrally visible at the surface. Also if the groundwater dissolved all the jarosite, it is difficult to explain why the other sulfates, such as Mg-sulfates would have been preserved. Alternatively, dust cover or insufficient spatial sampling with OMEGA may explain the lack of jarosite spectral signature, as discussed previously (section 4.2.1).
[44] We propose the following scenario for the accumulation of ferric oxides in the vicinity of sulfate-bearing ILDs in East Candor Chasma (Figure 14) . First, the ILDs were deposited within the canyon. These layered deposits may be evaporites resulting from the precipitation of sulfates in bodies of water enriched in Mg, Ca, Fe, and SO 4 [e.g., Squyres and Knoll, 2005] . Alternatively, ILDs may be composed primarily of sedimentary or pyroclastic material, in which percolation of groundwater would have resulted in secondary precipitation of sulfates [e.g., Gendrin et al., 2005a Gendrin et al., , 2005b . We suggest that ferric oxides also precipitated in the ILDs. The iron required to form the ferric oxides would have been supplied by waters that were previously enriched in iron by dissolution of Fe-rich silicates or sulfates contained in the ILDs or in any other surrounding geological formation. Finally, the ferric oxide particles would have been separated from their matrix by aeolian and gravity-driven erosion of the ILDs, and would have accumulated in colluvial deposits at the foot of, or upon the erosional escarpments, and in loose residual veneers on the remaining ILDs. We observe red hematite in Candor Chasma, whereas gray hematite has been observed at the Opportunity landing site. Red hematite can be produced by crushing or abrading gray hematite [Farrand et al., 2007] . Thus the red hematite observed in Candor Chasma may have been produced by natural abrasion, through aeolian activity or mass wasting, of gray hematite initially contained in the ILDs.
Conclusions
[45] We performed the analysis of OMEGA data using three different methods in order to detect and map ferric oxides in East Candor Chasma. Analysis of HRSC, THEMIS, MOC, HiRISE, TES and MOLA data for each site displaying a ferric signature has revealed the geological context of the ferric oxide deposits. They correspond to dunes or thin veneers of sand with generally high thermal inertia values (485 SI on average) and low albedo. They are systematically located in the vicinity of bright Interior Layered Deposits (ILDs). Some of the ferric oxide patches are located close to ILDs where monohydrated sulfates (such as the Mg-rich kieserite) and/or polyhydrated sulfates (Fe-and/or Mg-rich sulfates) have been detected. We propose a scenario for the accumulation of ferric oxides in East Candor Chasma, implying processes similar to those proposed for the Meridiani Planum Opportunity site [e.g., Squyres and Knoll, 2005; McLennan et al., 2005] . Ferric oxides would have precipitated within the ILDs, from a solution previously enriched in Fe by leaching of iron-bearing silicates or sulfates. Then, the ferric oxide particles would have been separated from their matrix by aeolian and gravity-driven erosion of the ILDs, and would have accumulated in colluvial deposits at the foot of, or upon the erosional escarpments, and in loose residual veneers on the remaining ILDs. Some of the ferric oxide particles have been remobilized by winds to form dunes and have accumulated in topographic lows around the ILDs.
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